Abstract. Infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI) mass spectrometry imaging of biological tissue sections using a layer of deposited ice as an energy-absorbing matrix was investigated. Dynamics of plume ablation were first explored using a nanosecond exposure shadowgraphy system designed to simultaneously collect pictures of the plume with a camera and collect the Fourier transform ion cyclotron resonance FT-ICR mass spectrum corresponding to that same ablation event. Ablation of fresh tissue analyzed with and without using ice as a matrix were compared using this technique. Effect of spot-to-spot distance, number of laser shots per pixel, and tissue condition (matrix) on ion abundance were also investigated for 50 μm-thick tissue sections. Finally, the statistical method called design of experiments was used to compare source parameters and determine the optimal conditions for IR-MALDESI of tissue sections using deposited ice as a matrix. With a better understanding of the fundamentals of ablation dynamics and a systematic approach to explore the experimental space, it was possible to improve ion abundance by nearly one order of magnitude.
Introduction
M atrix assisted laser desorption/ionization (MALDI) [1, 2] and electrospray ionization (ESI) [3] have coexisted for many years as the two main ionization techniques for MS analysis of biological molecules. The idea of using ESI as a method to post ionize neutrals desorbed by laser ablation was first introduced by Shiea et al. in 2005 when they proposed electrospray-assisted laser desorption ionization (ELDI) [4] . With ELDI, a UV laser pulse was used to non-resonantly excite and desorb dried out protein molecules from a sample plate at atmospheric pressure and post ionize the neutral molecules using ESI before being measured in the mass spectrometer. They successfully produced multiply-charged spectra of cytochrome c and protein mixtures [5] and were followed by other groups proposing similar nonresonant desorption processes [6] [7] [8] .
Rather than exciting the analyte directly, Muddiman and co-workers proposed in 2006 to mix the analyte with an energy-absorbing matrix to take advantage of the softness and efficiency of the MALDI resonant desorption process knowing the ion/neutral fraction was very small [9, 10] . It was also shown that charge state distribution was nearly identical for ESI and MALDESI spectra, suggesting that desorbed neutrals are ionized in an ESI-like mechanism.
In 2007, two groups demonstrated that ablation using an IR laser in combination with ESI and both proposed new acronyms for their source. Both used a wavelength of 2.94 μm, so that water, naturally occurring in biological samples, is excited at its O-H symmetric and asymmetric stretching bands. Vertes and Nemes called their method laser ablation electrospray ionization (LAESI) [11] , while Murray and co-workers introduced infrared laser-assisted desorption electrospray ionization (IR LADESI) [12] . Since both methods use endogenous water as a matrix to resonantly absorb laser energy, they are fundamentally equivalent to MALDESI MS, which we denote IR-MALDESI [13] [14] [15] [16] . MALDESI combines advantages of both ESI and MALDI, including the production of multiply charged ions, high salt tolerance, ambient nature, and amenability to imaging.
Mass spectrometry imaging of biological tissue sections by laser ablation technique has been introduced to the community over 15 years ago [17, 18] , has since then matured, and been the subject of several review articles Electronic supplementary material The online version of this article (doi:10.1007/s13361-013-0787-6) contains supplementary material, which is available to authorized users.
Correspondence to: David C. Muddiman; e-mail: david_muddiman@ncsu.edu o [19] [20] [21] . Because of the significantly higher ionization yield, most work has been done using UV-MALDI, even though IR-MALDI using endogenous or exogenous water or ice as an energy-absorbing matrix has also been widely explored [22] [23] [24] [25] [26] [27] [28] [29] [30] and its desorption/ionization processes thoroughly investigated [31] [32] [33] . Since IR-MALDESI is an ambient ionization technique that allows the direct analysis of biological samples at ambient pressure with minimal or no sample preparation, it has great potential for MS imaging of biological tissue sections [16, [34] [35] [36] . In IR-MALDESI, ablation dynamics plays a critical role since the plume of material has to be ejected from the surface and reach the electrospray plume to be ionized. IR desorption/ablation can be divided into multiple intertwined stages [37, 38] . First, as the surface is excited by the laser, surface evaporation occurs. Then, upon being excited above a certain irradiance threshold, super heating and phase explosion of subsurface material occurs and more material is ejected. Those first stages occur on the nanosecond scale and are often referred to as primary material ejection. Secondary material ejection occurs at the microsecond scale and it is where most of the ablated material is ejected from the surface due to induced recoil pressure. Because of greater abundance and larger distance traveled by material ejected during secondary material ejection, it is generally accepted that those neutral molecules are the most likely to interact with the ESI plume [11] .
Even though it has been demonstrated that a thin layer of deposited ice water could be used as an energy-absorbing matrix for IR-MALDESI [16] of tissue sections, very little is known about what effect this layer of ice has on the ablation dynamics and how it eventually translates to greater MS signal. We are reporting here a series of experiments performed to better understand the effect of this layer of ice on the ablation process and optimize IR-MALDESI for mass spectrometry imaging (MSI) of tissue sections. First, a novel flash shadowgraphy system [38] [39] [40] was implemented, which has the capability to simultaneously collect images of the plume of ablated material and record the IR-MALDESI FT-ICR mass spectrum associated with that same plume. This setup was used in a series of experiments designed to better understand the effect of the ice matrix on the plume dynamics and the MS ion abundance. A second series of experiments was performed to investigate the effect of the spot-to-spot distance and the number of laser ablations per pixel on the signal ion abundance. Finally, the statistical method called design of experiments (DOE) [14, 41, 42] was used to systematically explore the experimental space and improve the sensitivity of the source by nearly an order of magnitude.
Experimental

Materials
HPLC grade acetonitrile, methanol, and water were purchased from Burdick and Jackson (Musketon, MI, USA).
Formic acid was purchased from Sigma Aldrich (St. Louis, MO, USA). Nitrogen gas (99.98 % purity) used for purging the enclosure was obtained from MWSC High Purity Gases (Raleigh, NC, USA). Chicken liver was obtained from NCSU Lake Wheeler Road field laboratory and stored at −80°C until sectioning. Adult mouse brains were obtained from NCSU's college of Veterinary Medicine. For all tissue samples, 50 μm tissue slices were prepared using a CM1950 Cryostat (Leica, Buffalo Grove, IL, USA) and thawmounted on microscope slides for analysis. Optical images of tissue sections were collected using the camera mounted on a laser microdissection system (LMD 7000; Leica, Wetzlar, Germany) after complete sublimation of the ice matrix, which was achieved by leaving the sample at −10°C in a purged, near-zero relative humidity enclosure.
Shadowgraphy
The plume visualization system uses the energy of a 5 ns pulse generated by an Explorer 349 Q-switched UV laser (Spectra Physics, Santa Clara, CA) to excite a saturated Dansyl amide solution (Sigma Aldrich, St. Louis, MO, USA) placed in a 10 mm wide quartz cuvette (VWR, Radnord, PA, USA). The 120 μJ UV laser pulse excites the fluorophore near its maximum energy-absorption peak (349 nm). The wavelength of the~10 ns fluorescent emission occurs near the sensitivity peak of the high performance QI-Click CCD camera (QImaging, Surrey, BC, Canada) and is used as background exposure light to capture phenomenon occurring at the nanosecond timescale. Mitutoyo plan apo infinity-corrected long working distance objective (2X and 10X) were alternatively used depending on the desired field of view (Mitutoyo Corp., Japan). The triggering sequence used to capture the images is presented in Figure 1 . The IR laser flashlamp is continuously pulsing at 20 Hz and when the picture command is sent (push button), the next IR flashlamp output signal initiates the chain of events leading to the triggering of the IR ablation laser, UV laser pulse (exposure light), and the electronic exposure of the CCD camera sensor at the required time to capture the plume at any given time after the ablation event (Δt). This adjustable pulse delay generator was designed to generate the TTL signals and control the different delays to a microsecond resolution. It is controlled by an Arduino Uno MCU prototyping platform (Ivrea, Italy) and delays were measured using a 100 MHz Tektronix THS720A oscilloscope (Beaverton, OR, USA). An additional signal is also sent to the 7 T Thermo LTQ FT Ultra mass spectrometer (ThermoFisher Scientific, San Jose, CA, USA) so that ion injection is precisely synchronized with the ablation event, making it possible to simultaneously visualize the plume of ablated material and analyze its content by mass spectrometry. For experiments where multiple pulses per pixel are used, the triggering system can be easily adjusted to select which ablation event is to be captured by the photography system.
Ice Matrix Application
For each experiment, the sample was placed in the source enclosure on the Peltier-cooled sample plate still at room temperature. Enclosure was then purged with nitrogen until relative humidity reached 0-3 % and only then the sample stage temperature was lowered to −10°C. After allowing the sample temperature to stabilize (10-15 min), the enclosure door was opened to increase relative humidity and cause the deposition of the ice matrix on surface of tissue sample. Once the desired thickness of ice was reached, the enclosure was purged again and nitrogen flow adjusted to maintain a relative humidity of 10 % ± 2 %. Relative humidity inside the enclosure was monitored using a humidity and temperature datalogger (RHT20; Extech, Waltham, MA, USA). This ice matrix application procedure was used to prevent the condensation of liquid water on the sample surface. Indeed, if the tissue sample is cooled in a humid environment, water droplets will start to accumulate and eventually freeze over the sample rather than having small crystals of ice forming uniformly on the surface.
IR-MALDESI Imaging Source
The IR-MALDESI imaging source uses an OPO laser with a pulse width of 7 ns (IR Opolette; Opotek, Carlsbad, CA, USA). The wavelength of quasi-Gaussian laser beam was set at 2.94 μm to match the high absorption band of water (O-H stretch). Laser power was ca 0.9 mJ/pulse at the target location, measured with a laser power meter (Nova 2; Ophir, Jerusalem, Israel). Spot size was 250-300 μm (slightly elliptical) and measured on thermal paper. Repetition rate was set at 20 Hz throughout all the experiments discussed in this article. A user interface built on the Matlab platform (Mathworks, Natick, MA, USA) is used to select the region of interest, laser repetition rate, number of pulses per pixel, scanning pattern, and step size. When the imaging sequence is initiated, information is sent via serial communications to the stage controller and house-built laser triggering mechanism. A precise handshaking communication is then initiated between laser triggering mechanism, stage controller, and mass spectrometer. One full mass spectrum is collected per pixel and internal delays are precisely adjusted so that ion injection in the instrument's linear trap quadrupole (LTQ) is synchronized with the laser ablation event. For example, if three pulses/pixel are used, scan triggering delay and injection time is adjusted so that ablated material resulting from those three ablation events are collected by the LTQ prior to be sent to the 7 T FT-ICR cell for analysis. Unless otherwise specified, mass spectra were collected with a resolving power of 100,000 FWHM at m/z 400 and tube lens voltage was set at 100 V (m/z range: 200-2000). The IR-MALDESI source used for imaging experiments has been described in greater details previously [16] . Imaging data was analyzed using MSiReader [43] , a free open source interface developed by our group to view and analyze mass spectrometry imaging data.
Results and Discussion
Effect of Ice on Signal and Tissue Ablation
Time-lapse experiments were performed to confirm the beneficial effect of the ice layer thickness on the ion abundance. For these experiments, liver tissue was placed on the sampling stage at room temperature and the imaging experiment was initiated (three shots/pixels and 200 μm step size). No purging enclosure was used for this proof of concept experiment. Every 2 min, an optical image of the sample was captured to monitor the presence of ice. The imaging region of interest was set so that all pixels were on tissue, and liver was chosen since it contains several analyte molecules that are homogeneously distributed and detectable by IR-MALDESI MS. After 2 min, the Peltier cold stage temperature was lowered to −10°C. As shown in Supplementary Figure S1 , as soon as ice began to form on top of the tissue section, a significant increase in abundance signal was also observed (93-fold). A procedure was implemented using a controlled atmosphere enclosure to control the ice layer formation to ensure that ice layer thickness remains constant for the duration of an imaging experiment and from one experiment to another, albeit actual thickness of layer of ice had little effect on overall signal intensity according to this data. This ice application procedure is described in great detail in the Experimental section. The controlled atmosphere enclosure also greatly helped in reducing the signal variation from experiment to experiment, which was attributed to the fluctuation of the relative humidity in the laboratory.
Even though the favorable effect of ice as a matrix on the signal abundance could be clearly measured, very little is known about the actual effect of the layer of ice on the plume dynamics and the mechanisms leading to this higher abundance signal. A nanosecond exposure photography system using laser induced fluorescence was used to simultaneously visualize the ablation process and measure mass spectrometer signal abundance. Plume ablation dynamics and signal abundance were measured for consecutive ablation events on a 50 μm section for both fresh tissue sections analyzed at room temperature, and tissue sections analyzed after adding a layer of ice as a matrix.
The entire series of time-resolved shadowgraphy images for ablation of fresh tissue sections at room temperature and with an ice matrix were collected. The first and fourth shot picture series are presented in supplementary material (Supplementary Figures S2-S4 ) and a series of timeresolved shadowgraphy images of ablation on liquid droplet is also presented in Supplementary Figures S5-S6 for comparison purposes.
In the case of ablation of fresh tissue sections at room temperature, the energy density was sufficient to trigger plasma formation at the laser focus point in the first microsecond following laser irradiation. Primary material ejection observed was then in accordance with what was also reported by Vogel et al. [38, 44] (i.e., the ejection of a relatively dense plume of small tissue fragments). It was then proposed that those fragments result from the phase explosion from the water in the tissue causing mechanical tearing of the intracellular tissue matrix. A secondary material expulsion, caused by recoil pressure, can also be observed following the smaller fragments from primary ablation. Later, secondary recoil pressure is sufficient to eject larger fragments, and it can be argued that this process is accentuated in this case by the fact that a thin tissue section is prone to delaminate from the microscope slide and larger pieces to peel off and being expelled. Indeed, representative shadowgraphy images from consecutive laser pulses on the same pixel presented in Figure 2a clearly show that all tissue from the voxel is ablated as a result of the first laser pulse. This observation is confirmed by MS analysis of the corresponding plumes of ablated material (n = 34 experiments) reported in the chart.
When using ice as an energy-absorbing matrix, the plume dynamics are far more complex, involving the ablation and interaction between tissue, ice crystals, and liquid water. Shadowgraphy images show that far less tissue fragments can be observed following the first laser pulse. A plume consisting of fine liquid droplets is first ejected in primary ablation processes that resemble those observed during ablation from liquid samples. This primary ejection of material is then followed by a recoil-induced secondary expulsion of large crystals of ice. Very few tissue fragments can be observed in the plume of ablated material during this first pulse of ice matrix, which corroborates the relatively low MS signal recorded during the first laser pulses and reported in Figure 2b . Eventually, both tissue fragments and liquid droplets are ejected during primary ablation. The plume of tissue fragments are ejected first and followed by the plume of liquid droplets. In contrast to fresh tissue without ice matrix, the primary ablation of tissue fragments is not followed by the secondary ejection of larger tissue fragments and displacement of all tissue within each pixel. This observation allows one to generate signal over multiple laser pulses (up to 8-10 pulses). Despite a smaller amount of material being ablated per pulse, the abundance reached after a few pulses when using ice as a matrix is in the same order of magnitude as that measured for the first pulse without any matrix (ice), where all material is ablated. This suggests that larger fragments ejected during secondary ablation of fresh tissue are not playing a significant role in the ionization process. It can also be argued that some signal improvement is caused by liquid extraction of neutral molecules from tissue occurring in the ablation crater between pulses and in the atmosphere as the plume of liquid droplets passes through the cluster of tissue fragments hovering above the surface after ablation. Because relatively high signal can be maintained for several consecutive pulses using ice as a matrix, it allows one to increase signal abundance by accumulating ions from multiple ablations for each pixel in the ion trap before sending them to the ICR cell for analysis. Instead of using an ice matrix to absorb laser energy, one could argue that reducing the laser fluence could be used to achieve the same end goal (i.e., obtain high signal abundance over multiple ablations). Because of the direct impact of fluence on plume ablation dynamics (e.g., plume height) and aforementioned liquid extraction potentially occurring in the voxels, such side-by-side comparison would be hard to achieve. However, the main reason to concentrate our effort on studying the ablation using ice as a matrix is the fact that thermoelectric coolers are often used to preserve tissue water content in ambient imaging techniques using mid-IR laser [29, 36] . Since it is extremely difficult to control the ambient condition to preserve water content while completely avoiding the formation of an ice layer or the sublimation of the tissue water (if a nitrogen flow is used), it is definitely an advantage to instead control the ice layer formation, understand its effect on ablation dynamics, and optimize the source parameters for those conditions.
Investigation on Spot-to-Spot Distance, Number of Pulse Per Pixel with and without Ice Matrix
The objective of the next series of experiments was to investigate and better understand the relation between the number of shots per pixel, the spot spacing, and the tissue Figure 2 . Representative shadowgraphy images of consecutive ablation events (shot 1 to shot 4) and corresponding abundance of selected lipids for each shot (sum of m/z 369.35, 786.60, 810.60, and 758.57). Experiment was performed with fresh tissue without (top) and with an ice matrix (bottom). Without matrix, all tissue is ablated in the first pulse. With an ice matrix, abundance per pulse is greater even though smaller amount of tissue is released after every shot condition on the signal abundance. A total of 40 imaging experiments were performed to cover all possible parameter combinations (see Figure 3a) . For each experiment, average abundance was computed and an optical image of the rastered ROI was acquired. Depending on the spot spacing, the imaging experiment can be performed in either undersampling or oversampling mode [45, 46] . As shown in Figure 3b , the desorption diameter or diameter for which laser fluence is above the desorption threshold for the tissue of interest was measured at 150 μm. Note that this diameter is significantly smaller than the focal diameter (250-300 μm, measured on thermal sensitive film card). When operating in oversampling mode, the step size is set smaller than ablation diameter such that only material from a fraction of the irradiated surface is ablated, as shown in Figure 3b . Ablating all the way through the tissue in both undersampling and oversampling mode also ensures that the amount of material used at each pixel location is constant.
The data shown in Figure 3c confirm that greater ion abundance can be obtained using ice as a matrix and when ions from multiple ablations are accumulated before being injected in the ICR cell for analysis. When operating in undersampling mode, abundance increases as the number of pulses per pixel increase, even for six or seven pulses. All results of this series of experiments are presented in Supplementary Figure S7 . These results corroborate the observations made previously during shadowgraphy experiments where significant signal from individual pulses was measured even after several pulses when using ice as a matrix. Also corroborating the shadowgraphy images from fresh tissue with no ice matrix, no increase in signal could be obtained by operating in multi-injection mode since all material is ablated during the first laser pulse (also confirmed by additional optical images presented in Supplementary Figure S7 ). As spot-to-spot distance decreases, the Undersampling versus oversampling techniques and how overlapping pixels can lead to better spatial resolution. (c) Optical images of ablated tissue and corresponding average abundance for different spot-to-spot distances and number of pulses per pixel. As expected, multi-shot imaging of tissue sections without an ice matrix did not result in greater signal since all material is ablated after first pulse (also confirmed with optical images). Greater signal can be achieved using ice as a matrix where it becomes a trade-off between spatial resolution and sensitivity number of pulses necessary to ablate through all tissue diminishes, and so does the maximum ion abundance that can be reached at each pixel. Importantly, these results demonstrate that multifold signal improvement can be obtained using ice as a matrix when imaging in both oversampling and undersampling modes. Parameters previously found to be optimal for IR-MALDESI on liquid sample [14] . (c) Two screening design of experiments (DOE) were performed. For each, on the left are presented the settings that were tested and on the right are presented the corresponding results. Contrasts represent the contribution of the on the setting (or combination) and reported P value represent the probability that such results are obtained assuming the null hypothesis
Optimization of IR-MALDESI Parameters for Tissue Imaging
Comparison of shadowgraphy images of material ablated from both tissue and droplet samples clearly show that the plume dynamics differ greatly. As shown in the timeresolved shadowgraphy images presented in Figure 4 , tissue fragments decelerate faster and do not travel as high as the liquid droplets. Indeed, a significant amount of ablated tissue fragments can still be seen hovering few mm above the surface 500 μs after the ablation while liquid droplets have disappeared at higher altitude. An additional series of timeresolved shadowgraphy images of the plume ablation process of tissue sections (Supplementary Figures S2-S4 ) and water droplets (Supplementary Figures S5-S6 ) clearly illustrate this difference in plume dynamics.
IR-MALDESI from liquid samples had previously been investigated by our group and optimal source parameters described in Supplementary Figure 5A and B were found [14] . This significant difference in plume dynamics prompted us to revisit the experimental space to evaluate if optimal parameters more suitable for IR-MALDESI of tissue sections using ice as a matrix could be found. DOE was used to systematically explore the experimental space, and the results of two full factorial screening experiments are presented in Figure 5c . For each DOE screening experiment, data was collected using different combinations of the variable investigated (two levels: high and low). Five data points were collected for each setting combination, and the sum of the following tissue ions was used as figure of merit to calculate the effect (contrast) of each variable on the signal: m/z 369. 35, 622.41, 650.44, 678.47, 758,57, 806 .56, and 810.60. Results of these experiments indicated that signal abundance could be significantly increased by reducing the spot-inlet distance from 8 to 3 mm and also by increasing the flow from 0.5 to 3 μL/min. It is interesting to note that this region of the experimental space (higher flow and smaller ESI distance) was explored for liquid IR-MALDESI but was found to be detrimental to signal abundance. In liquid IR-MALDESI, ions are mainly generated by the ESI-like desorption/ionization of droplets that result from the fusion between ablated droplets filled with + over a region of interest where molecule is found uniformly neutrals and the charged electrosprayed solvent droplets. Since higher flow leads to the generation of larger electrospray droplets [47] , it can be argued that for shorter ESI distance and greater flow, the significantly larger fused droplets do not spend enough time at atmospheric pressure to undergo an efficient ESI-like desorption/ionization, explaining the weaker signal measured in these conditions. However, when performing tissue imaging using ice as a matrix, shadowgraphy images suggest that ionization results from the interaction between tissue fragments and/or neutral molecules with the charged ESI droplets (by opposition to droplet fusion). More complete ESI droplet evaporation, different ionization pathways involving interaction of neutral or fragments with charged droplet surface, and overall more efficient transmission of gas phase ions to the MS inlet (smaller ESI distance) can potentially explain the greater signal obtained under the new optimized conditions. It can also be argued that higher signal obtained in the new conditions where the ablation spot is closer to the ESI tip emitter (ESI-spot distance of 1 mm) is caused by the greater interaction of ablated material with denser cluster of droplets that are closer to the ESI centerline and, therefore, more likely to reach the MS inlet.
Note that additional experiments were performed to further investigate the effect of solvent composition. Imaging experiments were performed while running a linear gradient of the organic ESI solvent (5 %-95 %), while imaging over a homogeneous liver tissue. The experiment was repeated using ACN and MeOH as organic solvent and it was found that better and more stable results could be obtained using 50:50 methanol and water (vol/vol) with 0.2 % formic acid. The new optimized parameters for tissue imaging using ice as a matrix were compared with optimized parameters for liquid IR-MALDESI and a set of parameters found optimal for tissue imaging by others [36] . The sets of parameters that were compared are detailed in Figure 6a . The three imaging experiments were performed on adjacent 50 μm sagittal sections of mouse brain (one using each combination of settings). Heat maps for three selected m/z's are shown in Figure 6b , as well as the average abundance and coefficient of variation for all three sets of parameters that were tested. Results show that signal abundance could be improved by nearly one order of magnitude using the new proposed parameters.
Conclusion
IR-MALDESI imaging of biological tissue sections using a layer of deposited ice as an energy-absorbing matrix was thoroughly investigated. A novel flash shadowgraphy system that can simultaneously collect images of the plume of ablated material and acquire the FT-ICR mass spectrum resulting from that same ablation event was used to compare signal and plume dynamics with and without the use of ice as an energy-absorbing matrix. A thorough evaluation of the effects of the number of ablations per pixel and spot spacing on the signal abundance was performed and supported with optical microscopy images. Once again, it was shown that multifold improvement could be obtained when using an ice matrix. Finally, a design of experiments was used to explore the experimental space and optimize geometry and instrument parameters for IR-MALDESI of tissue sections using ice as a matrix, resulting in an improvement in ion abundance of nearly one order of magnitude. Future experiments will focus on the effect of fluence, spot size, and the use of novel remote sampling devices to improve signal in IR-MALDESI imaging.
